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The hot water-soluble polysaccharides from RJiabdonia coccinea and R. verticillata were characterised by a
combination of constituent sugar analysis, sulphate and pyruvate content assays, infrared (IR) spectroscopy,
linkage analysis, and 13C-nuclear magnetic resonance (NMR) spectroscopy. These revealed unique polysac-
charides belonging to the red algal galactan family. The polysaccharides had IR spectra resembling that of i-
carrageenan, but were rich in 6-0-methylgalactose (ca. 31 mol% and 17mol% for R. coccinea and R. verti-
cillata, respectively). Data from 13C-NMR spectroscopy provided evidence that the polysaccharides were
carrageenans rather than agarocolloids. The preparations contained mainly ι-carrageenan, partially methyl-
ated at C(O)6 of the 3-linked galactose residue. The polysaccharide from R. verticillata also contained signifi-
cant quantities of 3-0-methylgalactose and pyruvate. The unusual sugar 3-0-methylgalactose occurred pri-
marily as main-chain 4-linked residues, with a small proportion in the form of terminal residues. Other
structural variations occurred in the polysaccharides of both species.
Introduction
The phycocolloids from red algae are variously sub-
stituted galactans which form the dominant compo-
nents of the matrix phase of algal cell walls (see Crai-
gie 1990 for a review). The gelling and thickening
properties and protein-reactivity of these phycocollo-
ids have led to their widespread commercial use in
industry (Glicksman 1987, Stanley 1990, Selby and
Whistler 1993, Therkelsen 1993). The chemistry of
red algal galactans has also been used to supplement
classical criteria, such as morphology, anatomy, and
life history studies, in the formulation of taxonomic
hypotheses (e. g. Gabrielson and Garbary 1986, Doty
1989, Liao et al 1993, Chiovitti et al 1995 a).
The galactans from red algae consist of repeating
disaccharide units of alternating β-1,3- and a-1,4-
linked galactopyranosyl residues. The disaccharide
units are variously substituted with sulphate ester,
methyl ether, pyruvate acetal, or single glycosyl side
branches and the 4-linked galactose residue may be
converted into 3,6-anhydrogalactose. There are two
main classes of these galactans, the agars and the car-
rageenans. In ag rs, the 44inked residue is in the L-
configuration, whereas in carrageenans, it is in the D-
configuration. The 3-linked residue is in the D-con-
figuration in both classes of galactan. Carrageenans
are typically more sulphated than agars, and ideal-
ised carrageenan types (e. g. κ-, ι-, °1-) have tradition-
ally been defined according to their sulphate substi-
tution pattern and their 3,6-anhydrogalactose con-
tent. By contrast, agars typically contain significant
amounts of methyl ether or pyruvate acetal substi-
tution (Craigie 1990). The type and amount of substi-
tution modify solution properties of red algal poly-
saccharides (Duckworth et al 1971, Arnott et al
1974, Guiseley 1987).
The Australian coastline is rich in both its abun-
dance and diversity of red algae, but their phycocol-
loids have not been extensively studied. We are cur-
rently undertaking a program of research directed at
characterising the cell wall polysaccharides from the
order Gigartinales. We have focused our attention on
the family Solieriaceae, which includes two of the
world's most important genera for the commercial
extraction and processing of carrageenans, Kappa·
phycus and Eucheuma. The Solieriaceae is well repre-
sented in Australia by at least 10 genera en-
compassing some 25 species (Gabrielson and Kraft
1984, Huisman and Walker 1990, Kraft and Woelker-
ling 1990, Womersley 1994 [as Areschougiaceae]).
One of these genera, Rhabdonia, was at one time
classified as the type genus of the family Rhabdonia-
. ceae (Kylin 1956), but taxonomic reassessment based
on reproductive features led to its assignment to the
family Solieriaceae (Gabrielson and Hommersand
1982). Rhabdonia comprises three endemic Australian
species, R. coccinea (Harvey) Hooker et Harvey (the
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lectotypic species), R. verticillata Harvey, and R da-
vigera J. Agardh (Womersley 1994). Individuals of
the first two species can reach 30 cm in length and
are found from the lower eulittoral fringes to depths
of 25 m along the southern coasts of mainland Aus-
tralia and around Tasmania (Womersley 1994). The
third species, R. clavigera, smaller and considerably
less readily accessible, is a typically deep water spec-
ies with records of many in situ collections from ca.
45m depth (Womersley 1994). Most specimens in
herbaria are from relatively rare drift collections. In
this paper, we report on the polysaccharide prep-
arations from the species R coccinea and R. verti-
cillata. Structural analyses including constituent su-
gar analysis, sulphate and pyruvate assays, linkage
analysis, and infrared and 13C-nuclear magnetic res-
onance spectroscopy reveal unique polysaccharides
that do not conform to current generalisations about
the structure of red algal galactans.
Materials and Methods
Algal samples
Table I summarises the collection data of the algae
investigated. The detailed carbohydrate analyses were
carried out on polysaccharides extracted from the
specimens MELU, K42173 and MELU, K42175.
Compositional analyses
The sulphate ester content of the polysaccharide
preparations was estimated by the BaC^ turbidi-
metric method of Tabatabai (1974), as modified by
Craigie et al. (1984). Pyruvate content was assayed
by the lactate dehydrogenase method of Duckworth
and Yaphe (1970).
For the quantitative determination of constituent
sugars, alditols from the polysaccharide preparations
were generated by reductive hydrolysis and acetyl-
ated as described by Stevenson and Furneaux (1991).
The alditol acetates were separated by gas chroma-
tography (GC) and identified by their retention times
relative to rayo-inositol hexaacetate as described by
Liao et al. (1993). For quantification, molar response
factors (RFs) were determined relative to myo-mosi-
tol for galactose (Gal), 6-0-methylgalactose (6-Me-
Gal), glucose (Glc), and xylose (Xyl) obtained from
commercial sources. The RF for 3-0-methylgalactose
(3-MeGal) was assumed to be the same as that for 6-
MeGal. Derivation of the RF for 3,6-anhydrogalac-
tose (AnGal) was as described previously (Chiovitti
et al. 1995 a). To assist with the identification of con-
stituent sugars using GC-mass spectrometry (MS),
deuterium-reduced alditol acetates were generated by
trifluoroacetic acid-hydrolysis followed by reduction
with sodium borodeuteride (NaBD4) and acetylation
essentially as described by Harris et al. (1984).
Extraction and treatment of the polysaccharides
Polysaccharides were extracted with hot water and
processed as described in Chiovitti et al (1995 a). The
hot water-extracted polysaccharides were destarched
by amyloglucosidase digestion as described by Chiov-
itti et al (1995 a) and alkali-treated by the method of
Craigie and Leigh (1978).
Linkage analysis
To determine their linkage and substitution patterns,
polysaccharide preparations were converted to their
dimethyl sulphoxide (DMSO)-soluble triethylam-
monium salts and methylated with trideuteriomethyl
iodide (CD3I) essentially by the protocol of Steven-
son and Furneaux (1991), except that a NaOH/
DMSO suspension was used to generate the alkoxide
Table I. Collection information for the algae used in this study.
Species Reproduc- Voucher
tive state no.
Rhabdonia coccinea Sterile
(Harvey) Hooker
et Harvey
Sterile
Rhabdonia verticillata Sterile
Harvey
MELU,
K42173
MELU,
K42174
MELU,
K42175
Collection Collection Collection
locality date notes
Port MacDonnell, 30 Nov 1991 Drift
South Australia
Port MacDonnell, 25 Sept 1992 Drift
South Australia
Flinders jetty, 8 Feb 1991 3-4 m
Victoria
Collectors
G. &R.
Kraft
G., R., & L.
Kraft
G. Kraft
Tetrasporic MELU,
K42176
Sterile MELU,
K42177
Port MacDonnell,
South Australia
Port MacDonnell,
South Australia
20 July 1991
30 Nov 1991
Drift
Drift
G. &R.
Kraft
G. &R.
Kraft
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(Ciucanu and Kerek 1984). The two procedures used
for hydrolysis, reduction, and acetylation were the
same as those used for constituent sugar analysis. To
confirm the linkage of the 3-MeGal/? residues, a
sample of the polysaccharide preparation from R.
verticillata was subjected to periodate oxidation, as
described by Furneaux and Stevenson (1990), prior
to linkage analysis.
The pertrideuteriomethylated alditol acetates were
separated by GC on a BPX70 (SGE, Australia) capil-
lary column, detected by electron impact ionisation-
MS, and identified by their mass spectra and their
retention times relative to myo-mositol hexaacetate
as described by Lau and Bacic (1993). The pertrideut-
eriomethylated species were quantified by a combi-
nation of reconstructed ion chromatogram (RIC) and
selected ion monitoring (SIM) techniques. For RIC,
the MS was scanned between 100 atomic mass units
(a. m. u.) and 350 a. m. u. in 0.3 s. For SIM, the fol-
lowing combinations (scan files) of diagnostic, pri-
mary fragment ions (mlz) were scanned to identify
and distinguish the following potential combinations
of co-eluting derivatives: 3,4-linked Gal/? and 3,4-
linked 6-MeGalp with scan file #1; 3-linked Gal/? and
3-linked 6-MeGal/? with scan files #2 and #3; 4-
linked Gal/?, 4-linked 3-MeGalp, and 4-linked 6-Me-
Gal/? with scan files #2 and #3; and terminal Gal/?,
terminal 3-MeGal/?, and terminal 6-MeGal/? with
scan file #3. Scan file #1, mlz 308 and 311 were
monitored in both hydrogen-reduced and deuterium-
reduced samples and the ratio of the ions mlz
308 : 311 used to determine the ratio of 3,4-linked 6-
MeGal/?: 3,4-linked Gal/?. Scan file #2, mlz 164, 167,
236, 239, 283, and 286 were monitored inhydrogen-
reduced samples and the ratios of the ions mlz
164 :167 and mlz 283 : 286 used to determine the ra-
tio of 3-linked t-MeGal/?: 3-linked Gal/?. In addition,
from SIM runs employing scan file #2, the ratio of
the ions mlz 164 : 167 was used to determine the ratio
of 4-linked 3-MeGal/? : (4-linked Gal/? + 4-linked 6-
MeGal/?) and the ratios of the ions mlz 236 : 239 and
mlz 283 :286 were used to determine the ratios of
(4-linked 3-MeGal/? + 4-linked 6-MeGal/?) : 4-linked
Gal/?. Scan file #3, mlz 164, 165, 167, 168, 211, 212,
214, 215, 236, 239, 283, and 286 were monitored in
deuterium-reduced samples and the ratios of the ions
 Λ
mlz 164 : 167 and mlz 283 : 286 used to determine the
ratio of 3-linked 6-MeGal/? : 3-linked Gal/?, the ratio
of the ions mlz 165 : 168 used to determine the ratio
of 4-linked 3-MeGal/? : (4-linked Gal/? + 4-linked 6- ,
MeGal/?), and the ratios of the ions mlz 236 : 239 and
mlz 283 : 286 used to determine the ratios of (4-linked
3-MeGal/? + 4-linked 6-MeGal/?) : 4-linked Gal/?.,In
addition, from SIM runs employing scan file #3, the
ratio of the ions mlz 164 : 167 was used to determine
the ratio of terminal 6-MeGal/? : (terminal Gal/? +
terminal 3-MeGal/?), the ratios of the ions mlz
165 : 168 and mlz 212:215 were used to determine
the ratio of terminal 3-MeGal/? : (terminal Gal/? +
terminal 6-MeGal/?), and the ratio of the ions mlz
211 : 214 was used to determine the ratio of (terminal
3-MeGal/? + terminal 6-MeGal/?) : terminal Gal/?.
Combinations of secondary fragment ions were also
scanned to verify the data (results not shown).
Spectroscopic analyses
Polysaccharide films for Fourier transform-infrared
(FTIR) spectroscopy were prepared as described by
Liao et al (1993) and the FTIR spectra were re-
corded on a Perkin-Elmer series 2000 FTIR spec-
trometer (16 scans, collected at a resolution of
4 cm-1)·
For 13C-nuclear magnetic resonance (13C-NMR)
spectroscopy, the polysaccharide samples were dis-
solved in D2O (3% w/v). The proton-decoupled 13C-
NMR spectra were recorded on a Bruker AMX300
WB spectrometer (operating at 75.5 MHz) at 80 °C.
The spectrum of the polysaccharide from Rhabdonia
coccinea was recorded with a spectral width of 19.2
kHz, a 45° pulse, an acquisition time of 0.43 s, and a
relaxation delay of 0.4s for approximately 74000
scans and that of the polysaccharide from R. verti-
cillata was recorded with a spectral width of 18.5
kHz, a 45° pulse, an acquisition time of 0.44 s, and a
relaxation delay of 0.4s for approximately 95000
scans. For the preparation from R. coccinea, the
methylene carbons were assigned using the /-modu-
lated spin-echo experiment (Patt and Shoolery 1982).
The spectrum was recorded at 80 °C with a spectral
width of 16.7 kHz, a 90° pulse (9.2 μ8), an acquisition
time of 0.49 s, a relaxation delay of 2.0 s, and a
modulation delay of 7.1 ms, for approximately 25 000
scans.
Results
Polysaccharide composition
The yield of the hot water-extractable polysaccha-
rides from Rhabdonia coccinea and R. verticillata was
34% and 52% (w/w), respectively (Table II). Clarifi-
cation of the crude preparations by treatment with
amyloglucosidase gave preparations of the 'native'
wall polysaccharides, which were highly sulphated
(30.5% w/w, for R. coccinea and 28.5% w/w for R.
verticillata, Table II). Alkali treatment of the native
polysaccharides decreased the sulphate content of the
samples by 1.0% w/w and 1.5% w/w for R. coccinea
and R verticillata, respectively. The sample from R.
verticillata also contained pyruvate (Table II).
Constituent sugar analyses (Table II) showed that
the native and alkali-modified polysaccharide prep-
arations from both Rhabdonia species were essentially
substituted galactans, with galactose (Gal), 3,6-anhy-
drogalactose (AnGal), and mono-O-methylgalactose
(MeGal) comprising the predominant sugars. The
samples from R. coccinea contained predominantly
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AnGal, 6-MeGal, and Gal. The 6-MeGal content of
these samples was particularly high (ca. 31 mol%).
Alkali modification of the native polysaccharide
preparation decreased the Gal content by 4 mol% but
produced a nearly equimolar increase in AnGal, indi-
cating the presence of small amounts of 4-linked, 6-
sulphated precursor residues in the native polysac-
charide. The native and alkali-modified samples from
R. verticillata comprised mainly Gal, AnGal, 6-Me-
Gal, and 3-MeGal. In contrast to the R. coccinea
samples, the 6-MeGal content was lower (17 mol%)
but the amount of 3-MeGal was greater (ca. 6 mol%).
Alkali modification of the native polysaccharide
preparation resulted in an 11 mol% decrease in Gal
content and an equimolar increase in AnGal content.
Xylose (Xyl) and glucose (Glc) were present, gen-
erally in small quantities, in the polysaccharide prep-
arations (Table II). The latter is probably a contami-
nant from floridean starch, as demonstrated by the
reduction in Glc content following amyloglucosidase
digestion of the crude preparations from both Rhab-
donia species (Table II).
Sugar analysis of crude polysaccharide prep-
arations from three other samples (Table I), reflecting
different collection times and locations, gave essen-
tially the same results (data not shown) as those re-
ported below (Table II).
IR spectroscopic analysis
The IR spectra of the native and alkali-modified
polysaccharides of both Rhabdonia species were re-
corded (Fig. 1). All the IR spectra displayed a strong
absorption band at 1240 cm"1 (general for sulphate
ester, Stancioff and Stanley 1969) in agreement with
the high sulphate content of these polysaccharides
(Table II). The diagnostic region (940 cm"1 to 800
cm"1) of the IR spectra of the polysaccharides re-
sembled that of i-carfafgeenan (Standoff and Stanley
1969), with characteristic peaks at 935 cm"1 (AnGal),
850 cm"1 [axial sulphate ester at C(O)4 of 3-linked
Gal residues], and 805 cm"1 [axial sulphate ester at
C(O)2 of AnGal residues]. A small but significant
peak was also observed at 905 cm"1, suggesting the
presence of unsulphated, 3-linked residues (Whyte et
al. 1985). Compared with the IR spectra of the native
polysaccharides, those of the alkali-modified polysac-
charides displayed an enhanced valley at 820-830
cm"1, the region associated with equatorial sulphate
esters at C(O)6 and C(O)2 of the precursor residues
(Stancioff and Stanley 1969). This effect was particu-
larly evident in the IR spectra of the polysaccharides
from R. verticillata and was consistent with the
changes in constituent sugars (Table II).
The IR spectra (not shown) of the crude polysac-
charide preparations from the other Rhabdonia
samples (Table I) were essentially identical to the
native preparations shown in Figure 1 for each spec-
ies.
Linkage analysis
The linkage patterns of the native and alkali-modi-
fied polysaccharides of both Rhabdonia species are
summarised in Table III. All constituent sugars were
in the pyranose form. Sulphate esters and pyruvate
acetals were stable during trideuteriomethylation but
were subsequently released during the acid-hydroly-
sis. As a consequence, their locations manifested as
'linkages' in the results.
The results for both the native and the alkali-modi-
fied preparations from R. coccinea (Table III) were
dominated by the presence of 2,4-linked AnGalp and
3,4-linked 6-MeGal;? residues. Together with the IR
Table II. Yield and composition of polysaccharide preparations from Rhabdonia coccinea and R. verticillata. AnGal =
3,6-anhydrogalactose; Gal = galactose; 6-MeGal = 6-0-methylgalactose; 3-MeGal = 3-0-methylgalactose; Xyl = xylose;
Glc = glucose; — = not detected; tr = trace (< 0.8%); nd = not determined; alk.-mod. = alkali-modifled:
Sample Yielda
/Ό/
Sulphate Pyruvate
contentb content
(% w/w) (% w/w)
Monosaccharides (mol%)
AnGal Gal 6MeGal 3-MeGalc Xyl Glc
Rhabdonia coccinea
crude 34 nd
native nd 30.5
alk.-mod. nd 29.5
nd 27
36
39
22.5
28
24
25
31
31.5
tr
tr
tr
2.5
2
2
23
3
3.5
Rhabdonia verticillata
crude
native
alk.-med.
52
nd
nd
nd
28.5
27.0
nd
1.5
1.5
21
24
35
50.5
51
40
.15
17 -
17
6.5
6
5.5
2
1
1.5
5
1
1
a
 Based on dry weight of the seaweed meal.
b
 Based on dry weight of the polysaccharide preparation and expressed as SO3Na.
c
 Confirmed by mass spectral analysis of NaBD4-reduced alditol acetates for R. verticillata only; see Materials and Methods
for details.
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data, these residues are interpreted as arising from 4-
linked AnGal/?-2-sulphate and 3-linked 6-MeGal/?-4-
sulphate, respectively. Consistent with IR analysis,
the preparations from R. coccinea also contained sig-
nificant proportions of 3-linked Gal/?, 3-linked Gal/?-
4-sulphate (3,4-linked Gal/?), and 3-linked 6-MeGal/?
(Table III). The unsulphated, 3-linked Gal/? and 6-
MeGal/? residues probably account for why the sul-
phate ester content of the polysaccharide from JR.
coccinea (ca. 30% w/w) was less than that of typical
i-carrageenan (ca. 35% w/w from Eucheuma species,
Santos 1989). Minor amounts of 4-linked Gal/?-2,6-
bisulphate (the putative precursor residue of AnGal-
2-sulphate) were detected as 2,4,6-linked Gal/? in the
native sample from Rhabdonia coccinea (Table III).
Identification of the precursor residue conforms with
its absence in the alkali-modified sample. Small am-
ounts of 3,6-Gal/? and 3,4,6-Gal/? were also detected
but their origin is uncertain. Low levels of Xyl/? were
detected as a terminal residue.
The linkage patterns of the native and the alkali-
modified preparations from A verticillata (Table III)
were dominated by the presence of 2,4-linked An-
Gal/?, 3,4-linked Gal/?, and 3,4-linked 6-MeGal/? resi-
dues and, with reference to the data from IR analysis,
these residues are interpreted as 4-linked AnGal/?-2-
sulphate, 3-linked Gal/?-4-sulphate, and 3-linked 6-
MeGal/?-4-sulphate, respectively. Significant pro-
portions of unsulphated residues were present in the
samples from R. verticillata, mainly as 4-linked 3-Me-
Gal/?, although small quantities of 4-linked Gal/? and
3-linked Gal/? were also detected. A sample of the
native polysaccharide preparation from R. verti-
cillata was subjected to periodate oxidation, then tri-
deuteriomethylated, acid-hydrolysed, and reduced
with NaBD4. The 4-linked 3-MeGal/? residues sur-
vived periodate oxidation, whereas unsulphated, 4-
linked Gal/? residues were essentially degraded (data
not shown). The resistance of these 3-MeGal/? resi-
dues to oxidative cleavage confirmed their lack of
vicinal free hydroxyls and provided further evidence
for the presence of the methyl ether at the C(O)3 pos-
ition. To a significant extent, the reduced sulphate
content of the polysaccharide from R. verticillata (ca.
27% w/w), compared to that of typical i-carrageenan
(Santos 1989), was probably due to the presence of
unsulphated, 4-linked 3-MeGal/? and Gal/? residues.
The presence of 4-linked 3-MeGal/? and Gal/? residues
is probably also the reason the AnGal content of the
polysaccharide from R. verticillata is estimated as
markedly less than 50 mol%, even after alkali modifi-
cation.
In conjunction with the results of the pyruvate as-
say, the presence of the 3,4,6-linked Gal/? residue (ca.
RCN
RCAM
RVN
RVAM
1400 1300 1200 1100 1000 ·
WAVENUMBERS
900 800 700 600
Fig. 1. Infrared spectra of polysaccharide preparations from Rhabdonia coccinea (RCN = native preparation, RCAM
alkali-modified preparation) and R. verticillata (RVN = native, RVAM = alkali-modified).
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Table III. Linkage analysis of constituent sugars of native
and alkali-modified polysaccharide preparations (mol%)
from Rhabdonia coccinea and R. verticillata. AnGal/? = 3,6-
anhydrogalactopyranose; Gal/? = galactopyranose; 6-MeG-
al/? = 6-0-methylgalactopyranose; 3-MeGal/? = 3-0-
methylgalactopyranose; Xyl/? = xylopyranose; tr = trace
(< 0.8%); - = not detected.
Consti-
tuent
mono-
saccharide
AnGal/?
Gal/?
Deduced
linkagea
2,4-
Terminalb
3-c
4-d
3,4-e
3,6-
2,4,6-f
3,4,6-
2,3,4,6-
Rliabdonia
coccinea
na-
tive
37
—
6.5
tr
9
2
1
3
tr
alkali-
modi-
fied
40
—
6.5
tr
9
2
-
2
tr
Rhabdonia
verticillata
na-
tive
25
tr
1.5
2.5
28.5
—
6
7
tr
alkali-
modi-
fied
34
tr
1
2
28
-^.
-
6.5
tr
6-MeGal;?
3-MeGal/?
Xyl;?
Terminal6
3-c
3,4-e
Terminal0
4-d
Terminal
-
4.5
36
—
—
1
-
4.5
35
—
—
1
tr
tr
19
1.5
8
1
tr
tr
19
1.5
8
tr
a
 2,4-Linked AnGal/? deduced from 1,2,4,5-tetra-Oacetyl-
3,6-anhydrogalactitol, terminal Gal/? deduced from 1,5-di-
O-acetyl-2,3,4,6-tetra-(9-trideuteriomethylgalactitol, termi-
nal 6-MeGal/? deduced from l,5-di-O-acetyl-2,3,4-tri-O-tri-
deuteriomethyl-6- O-methyIgalactitol, etc.
b, c, d, e Co-eluting sets of pertrideuteriomethylated alditol
acetates. The proportion of each sugar with the same link-
age was determined by SIM-MS of their diagnostic, pri-
mary fragment ions; see Materials and Methods for details.
f
 Confirmed by mass spectral analysis of NaBD4-reduced,
pertrideuteriomethylated alditol acetates for R. verticillata
only; see Materials and Methods for details.
7 mol%) in the jR. verticillata samples (Table III) pro-
vided evidence for 3-linked residues bearing the py-
ruvate acetal, which occurs as 4,6-0-(l-carboxyethyl-
idene)-Gal (DiNinno et al. 1979). It is plausible that
pyruvated, 3-linked Gal/? contributed to absorption
at 905 cm"1 in the IR spectra of the R. verticillata
polysaccharides since the proportion of unsulphated,
3-linked Gal/? and 6-MeGal/? residues was low (Table
III). Involvement of some of the C(O)4 positions of
the 3-linked residues in the pyruvate acetal would
also decrease the sulphate content of the R. verti-
cillata polysaccharide relative to that of typical i-car-
rageenan. A significant amount of the precursor resi-
due of AnGal-2-sulphate (2,4,6-Gal/?) was observed
in the native sample, but none was detected in the
alkali-modified sample. Small quantities of 3-Me-
Gal/? occurred as terminal residues, as did Xyl/? and
traces of Gal/? and 6-MeGal/?.
13C-NMR spectroscopic analysis
Proton-decoupled 13C-NMR spectra of the alkali-
modified preparations from both Rhabdonia species
were obtained (Figs 2 and 3) and their assignments
summarised in Tables IV and V. An experiment em-
ploying the /-modulated spin-echo pulse sequence
was also carried out on the sample from R. coccinea
(Fig. 2b) to identify the methylene carbons (C6 sig-
nals of sugar residues). Although the complexity of
the spectra reflect the heterogeneity of the polysac-
charides, most of the major signals were readily as-
signed to the repeating unit of ι-carrageenan accord-
ing to published assignments (Usov et al. 1980, Usov
1984, Greer et al 1985). These results were consistent
with those from the IR and linkage analyses.
Compared with 13C-NMR spectra of typical i-car-
rageenan, the reduced intensity of the peak at 61.4
ppm in the 13C-NMR spectrum of the alkali-modi-
fied preparation from R. coccinea (Fig. 2a) reflected,
to a significant extent, substitution at C(O)6 of the 3-
linked residue. The intense resonance at 71.9 ppm,
10.5 ppm downfield of the unsubstituted-C6 peak of
the 3-linked residue, was assigned to C6 of 3-linked
6-MeGal-4-sulphate. The assignment was confirmed
by its appearance as a negative inflection in the /-
modulated spin-echo experiment (Fig. 2b). The large
downfield shift of this signal was characteristic of
methyl substitution (8—11 ppm, Usov 1984) and
similar shifts have been reported in agars (Lahaye et
al. 1989, Lahaye and Rochas 1991). The sharp signal
at 59.0 ppm, which has also been observed in the 13C-
NMR spectra of some agars (Usov et al. 1980), was
assigned to the methyl carbon at C(O)6. The peak at
73.2 ppm, 1.8 ppm upfield from the C5 signal of the
3-linked residue of ι-carrageenan, was assigned to C5
of the 3-linked 6-MeGal-4-sulphate residue, in accord
with the -effect caused by methylation (Usov et al.
1980, Usov 1984).
Two major signals were observed in the anomeric
region at 102.4 and 92.1 ppm. We have assigned the
former to the Cl carbons of 3-linked 6-MeGal-4-sul-
phate, Gal-4-sulphate, and Gal residues and the latter
to 4-linked D-AnGal-2-sulphate residues. The chemi-
cal shifts of the Cl signal of AnGal residues in carra-
geenans and agars differ significantly (upfield by up
to 5 ppm for carrageenans, Usov et al. 1980, Usov
1984, Usov 1992). The resonance at 92.1 ppm for the
R. coccinea polysaccharide was further upfield than
any reported Cl signal of AnGal for agars. Further-
more, the resonances of the polysaccharide from R.
coccinea did not correspond to any of those assigned
to agars bearing various substituents (Lahaye et al
1989, Lahaye and Rochas 1991). In addition, it has
been found (Liao et al.9 unpublished results) that the
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anomeric signals of a sulphated galactan with a
nearly perfect disaccharide repeating unit of 6f-O-
methylated t-carrageenan occur at essentially the
same positions as those of its unmethylated counter-
part. Data from 13C-NMR spectroscopy therefore
provided evidence that the main structural features
of the preparation from R. coccinea were borne on a
carrageenan repeating unit (Table IV).
The unsulphated, 3-linked Gal residues observed in
the linkage analyses of the polysaccharide from R.
59.0
(a)
102.4
(b)
61.4
71.9
ppm 100 90
—Γ"
80
Τ"
70 60
Fig. 2. (a) 13C-nuclear magnetic resonance spectrum of the alkali-modified polysaccharide preparation from Rhabdonia
coccinea and (b) that employing the /-modulated spin-echo pulse sequence.
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coccineo were, in association with AnGal-2-sulphate
residues, detected in the 13C-NMR spectrum as
minor signals arising from the structure defined as a-
carrageenan (Zablackis and Santos 1986). The assign-
ment of these signals (Table IV) was made by com-
parison with data reported by R. Falshaw et al
(1996). Characteristic signals for α-carrageenan were
observed at 94.8 ppm (Cl of AnGal-2-sulphate) and
at 82.1 and 67.0 ppm (C3 and C4 of unsulphated, 3-
linked Gal, respectively).
The 13C-NMR spectrum of the preparation from
R. verticUlata (Fig. 3) was more complex than that of
the polysaccharide from R. coccinea but still shared
a number of features, including the major anomeric
carbon signals at 92.1 and 102.4 ppm; non-anomeric
signals at 71.9 (C6 of 3-linked 6-MeGal-4-sulphate)5
59.0 [methyl carbon at C(O)6], and 73.2 ppm (C5 of
3-linked 6-MeGal-4-sulphate); and a diminished sig-
nal at 61.4 ppm (C6 of 3-linked Gal-4-sulphate). The
data therefore suggest that the polysaccharide from
76.9
102.4
61.4
59.0
ppra
I
100
I
95
I
90
I
85
I
80 75
I
70 65 60
Fig. 3. 13C-nuclear magnetic resonance spectrum of the alkali-modified polysaccharide preparation from Rhabdonia verti-
cillata.
Table IV. Assignments of resonances observed in the 13C-NMR spectrum of the alkali-modified polysaccharide prepara-
tion from Rhabdonia coccinea*.
Repeating unit
6'-0-methylated
i-carrabiose
x-carrabiose
a-carrabiose
Sugar
3-linked:
4-linked:
3-linked:
4-linked:
3-linked:
4-linked:
Carbon atom
Cl
102.4
92.1
102.4
92.1
102.4
94.8
C2
69.4
75.1°
69.4
75.1°
69.7
75.4d
C3
77.1b
78.0
77.1b
78.0
82.1
78.0
C4
72.6
78.6
72.2
78.4
67.0
78.4
C5
73.2
76.9
75.1C
- 77.1b
75.4d
77.1b
C6
71.9
69.9
61.4
69.9
61.4
69.9
OMe
59.0
Spectrum of 3% w/v sample in D2O recorded at 80 °C.
, c, d _ Coincident resonances.
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R vertidllata contains a significant i-carrageenan
component, which is partially methylated at C(O)6
of the 3-linked residues (Table V). The relative pro-
portions of i-carrageenan and ό'-O-methylated i-car-
rageenan are reflected in each spectrum by the rela-
tive intensities of the C6 signals of their correspond-
ing 3-linked residues. In the 13C-NMR spectrum of
the R. coccinea preparation, the signal at 71.9 ppm
(from o'-O-methylated i-carrageenan) was dominant,
whereas in that of the R vertidllata preparation, the
signals at 71.9 ppm and 61.4 ppm were of more equal
intensity.
In the unsubstituted-C6 region of the 13C-NMR
spectrum of the preparation from R. vertidllata (Fig.
3), a signal at 61.1 ppm was observed in addition to
the one at 61.4 ppm. This was consistent with the
presence of 4-linked 3-MeGal and 4-linked Gal at sig-
nificant levels, since the chemical shifts of resonances
of unsubstituted-C6 carbons for 3- and 4-linked resi-
dues are slightly different (Usov et αϊ 1980). With
reference to the assignments for desulphated λ-carra-
geenan (Usov et αϊ 1980, R. Falshaw and Furneaux
1994), the signal at 61.1 ppm was assigned to C6 of
the 3-linked residues having a neighbouring 4-linked
residue not in the AnGal form (i. e. 3-MeGal or Gal).
The minor anomeric resonance at 95.9 ppm was ten-
tatively assigned to Cl of the 4-linked residues not in
the AnGal form. The resonance at 57.8 ppm plaus-
ibly arises from the methyl carbon at C(O)3 of 4-
linked 3-MeGal residues, in consideration of the
chemical shifts observed for signals of 0-methyl car-
bons of some model compounds (Voelter et al 1973,
Fernandez el al. 1994). The resonance at 82.6 ppm
was the most downfield of the non-anomeric signals
and was absent from the spectrum of the preparation
from R. coccinea (Fig. 2a). In a recent study, C3 of
the 3-linked residue of α-carrageenan was observed
at an unusually downfield position (82.0 ppm, R. Fal-
shaw et al. 1996). In light of this, the resonance at
82.6 ppm may be attributable to C3 of a 3-linked
residue bearing a neighbouring 4-linked residue not
in the AnGal form. Another possibility, although per-
haps less likely, is that the resonance belongs to C3
of the 4-linked 3-MeGal, having arisen from a drastic
downfield shift due to 0-methylation.
In our screening of wall galactans from Australian
red algae, several species were found to contain un-
usually high proportions of sulphated galactans com-
prised of the disaccharide repeating unit of 3-linked
4,6-O-(l-carboxyethylidene)-D-galactopyranose and
4-linked 3,6-anhydro-D-galactopyranose-2-sulphate.
The 13C-NMR spectra of these sulphated galactans
have anomeric resonances at 91.4 and 101.9 ppm
(Chiovitti et al, unpublished results). The minor an-
omeric resonance observed at 91.4 ppm in the spec-
trum of the R. vertidllata preparation was therefore
assigned to Cl of AnGa-2-sulphate linked to a Gal
residue bearing pyruvate acetal. Two signals observed
at 25.7 and 175.8 ppm (not shown in Fig. 3) were
attributed to the methyl and carboxyl carbons in the
pyruvate substituent, respectively (Gorin et al 1982,
Usov 1984, Lahaye et al 1989). Three other weak
signals at 65.6, 66.7, and 67.4 ppm in the 13C-NMR
spectrum of the polysaccharide from R vertidllata
most probably reflect the presence of the pyruvate
acetal (Lahaye et al. 1989, Chiovitti et al, unpub-
lished results) and were assigned to C6, C5, and C4
of the pyruvated, 3-linked residue, respectively.
Discussion
The polysaccharide preparations from the Rhabdonia
species comprised sulphated galactans exhibiting the
characteristic IR spectra of i-carrageenan. Quite un-
expectedly, however, they contained high proportions
of 6-MeGal. A combination of these data and those
from linkage analyses and 13C-NMR spectroscopy
indicated that the polysaccharides from Rhabdonia
are substantially modified ι-carrageenans. The major
structures proposed to form the backbones of the
rhabdonian galactans are summarised in Figure 4.
We propose that the carrageenans are composed pre-
dominantly of typical ι-carrabiose units and &-O-
methylated ι-carrabiose units. We have chosen to re-
fer to the methylated repeating unit as 6'-0-methyl-
ated ι-carrabiose rather than to name it with a new
Table V. Assignments of major resonances observed in the 13C-NMR spectrum of the alkali-modified polysaccharide
preparation from Rhabdonia vertfcUlata*.
Repeating unit Sugar Carbon atom
Cl C2 C3 C4 C5
a
 Spectrum of 3% w/v sample in D2O recorded at 80 °C.
b
'
c
 = Coincident resonances.
C6 OMe
i-carrabiose
6'-<9-methylated
i-carrabiose
3-linked:
4-linked:
3-linked:
4-linked:
102.4
• 92.1
102.4
92.1
69.4
75'.0C
69.4 ·
75.0C
77.2b
78.0
77.2b
78.0
72.2
78.6
72.6
78.6
75.0C
77.2b
73.2
76.9
6J.4
69.9
71.9
69.9
59.0
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Greek letter. Adoption of the nomenclatural system
for red algal galactans proposed by Knutsen et al
(1994) to describe the disaccharide repeating unit as
6f-0-methyl carrageenose 2,4f-bisulphate would also
be appropriate. The carrageenans from each species
had some other unique features. The carrageenan
from R. coccinea contained a significant proportion
of unsulphated, 3-linked residues, in conjunction
with AnGal-2-sulphate, in the form of a-carrageenan.
In the carrageenan from R. verticillata, some of the
4-linked residues were galactose mainly substituted
with methyl ether at C(O)3 and some of the 3-linked
residues were substituted with pyruvate.
Mono-0-methylgalactose (MeGal) is not a typical
component of carrageenans and occurs only in minor
amounts (Chopin et al 1990, Craigie 1990), except in
the complex polysaccharides of several species of the
family Halymeniaceae (as Grateloupiaceae, Nunn
and Parolis 1969, Farrant et al 1971) and a partially
methylated ι-carrageenan reported recently from an
unidentified red alga found in New Zealand (A. Fal-
shaw et al 1994, A. Falshaw et al 1995). In contrast,
MeGal is a common feature of agarocolloids from a
wide variety of sources (reviewed in Craigie 1990),
with particularly significant levels in agars from some
species of Gracilaria (e.g. Araki 1966) and related
genera such as Curdiea and Melanthalia (Furneaux et
al 1990). In the rhabdonian carrageenans, 6-MeGal
occurred in the backbones of the polysaccharides as
3-linked residues, with or without sulphate substi-
tution at C(O)4. The sugar is also typically 3-linked
in a variety of other red algal polysaccharides (e. g.
Araki 1966, Farrant et al 1971, Brasch et al 1981,
Furneaux et al 1990). An interesting feature of the
(a) OR2
OH
oso3-
(b)
-ooc'
CH3
-o
I
OH
Fig. 4. Proposed structures in the carrageenans from Rhab-
donia. Repeating disaccharide structures in the carrageen-
ans from both Rhabdonia species: (a) = i-carrabiose
(R1 = H, R2 = SOD; (a) = 6'-<9-methylated 1-carrabiose
(R1 = CH3, R2 v= SOi). Additional repeating disaccharide
structures in the carrageenan from R. coccinea: (a) = a-
carrabiose (R1 = R2 = H); (a) = 6f-0-methylated a-carrabi-
ose (R1 = CH3, R2 = H). Unusual residues in the carra-
geenan from R. verticillata: (b) = pyruvated, 3-linked D-
galactopyranose; (c) = 4-linked D-galactopyranose
(R3 = H); (c) = 4-linked 3-<9-methyl-D-galactopyranose
(R3 = CH3).
carrageenan from Rhabdonia verticillata, which con-
stituted a salient difference between the polysaccha-
rides from the two Rhabdonia species, was the con-
tent of 3-MeGal, which occurred mainly as an unsul-
phated, 4-linked residue in the backbone of the carra-
geenan and, to a lesser extent, as a terminal residue.
The 3-MeGal saccharide is rare in polysaccharides
from marine red macroalgae, with only small am-
ounts found in polysaccharides from species such as
Anatheca dentata (Suhr) Papenfuss, Corallina of-
ficinalis Linnaeus, Gigartina skottsbergii Setchell et
Gardner, Nizymenia australis Sonder, and N. conferta
(Harvey) Chiovitti, Saunders et Kraft (Nunn et al
1973, Cases et al 1992, Ciancia et al 1993, Chiovitti
et al 1995 a). The 4-linked 3-MeGal residue has only
been reported in the sulphated xylogalactans of Co-
rallina officinalis (Cases et al 1994).
The presence of pyruvate in the carrageenan from
Rhabdonia verticillata is also noteworthy. Like meth-
oxyl groups, pyruvate is regarded as a common sub-
stituent of agars (e. g. Young et al 1971) but less com-
mon in carrageenans. Pyruvate has been detected es-
sentially in λ-type carrageenans low in AnGal content
(named π-carrageenan, DiNinno et al 1979), such as
those from Petrocelis middendorfii (Ruprecht) Kjell-
man [now regarded as the tetrasporic phase of Masto-
carpus stellatus (Stackhouse in Withering) Guiry] and
the sporophytes of Gigartina spp. (DiNinno et al
1979, Hirase and Watanabe 1972, Stevenson and Fur-
neaux 1991) as well as in the polysaccharides from
Kallymenia westii Ganesan (Chopin et al 1994) and
some halymeniacean species (Hirase and Watanabe
1972, Zablackis and Perez 1990).
Carrageenans structurally related to those from
Rhabdonia have been detected from species of Aresch-
ougia and Erythroclonium (Liao et al, unpublished
results). Areschougia and Erythroclonium are cur-
rently also members of the Solieriaceae (Gabrielson
and Hommersand 1982). Rhabdonia was at one time
the type genus of the family Rhabdoniaceae (Kylin
1956, Min-Thein and Womersley 1976). It was trans-
ferred with the genera Areschougia, Erythroclonium,
and Melanema from the Rhabdoniaceae (now Caula-
canthaceae) to the family Solieriaceae on the basis
of homologous reproductive structures and processes
(Gabrielson and Hommersand 1982). We are cur-
rently characterising cell wall polysaccharides from
Areschougia and Erythroclonium and will publish the
results elsewhere. Our studies indicate that polysac-
charides from these two genera are complex with
various combinations of sulphate ester, methyl ether
(> 15 mol% of MeGal from constituent sugar analy-
sis), and pyruvate acetal substitutions. The polysac-
charide from the monotypic genus Melanema, repre-
sented by Melanema dumosum (Harvey) Min-Thein et
Womersley, is unlike those from the other three gen-
era, however, being a hybrid or mixture of ι-, κ-, and
-carrageenans without methyl or pyruvate substi-
tutions (Chiovitti et al 1995b). These data support a
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close relationship between Rhabdonia, Erythroclon-
ium, and Areschougia, but suggest Melanema may not
be closely allied to the other three genera.
The occurrence of MeGal in carrageenans from the
Solieriaceae is speculated by some workers to have
taxonomic significance (e.g. Chopin et al 1990).
Polysaccharides from other species of the Solieria-
ceae shown to contain small amounts of MeGal in-
clude those from Kappaphycus alvarezii (Doty) Doty
(as Eucheuma cottonii Weber-van Bosse), Sarcodi-
otheca furcata (Setchell et Gardner) Kylin, Opuntiella
californica (Farlow) Kylin, Turnerella mertensiana
(Postels et Ruprecht) Schmitz, Solieria chordalis (C.
Agardh) J. Agardh, Agardhiella subulata (C. Agardh)
Kraft et Wynne and Meristotheca senegalensis Feld-
mann (Bellion et al 1983, Whyte et al. 1984, De-
slandes et al 1990, Chopin et al 1990, Postier et al
1992). The observation that carrageenans rich in Me-
Gal are extracted from Rhabdonia, Erythrocloniwn,
and Areschougia therefore broadly supports the taxo-
nomic hypothesis. However, these polysaccharides
differ significantly from most other solieriacean car-
rageenans in the exceptionally high content of their
methyl ether substitution, as well as in other irregu-
larities of structure. It is worth remarking that MeGal
in carrageenans is not exclusive to the Solieriaceae.
For example, minor amounts of MeGal have also
been detected in carrageenans from Mazzaella mem-
branacea (J. Agardh) Fredericq in Hommersand,
Guiry, Fredericq et Leister (as Iridaea membranacea
J. Agardh) and Chondrus canaliculatus (C. Agardh)
Greville of the Gigartinaceae (Ibanez and Matsuhiro
1986, Ayal and Matsuhiro 1986) and Ahnfeltiopsis gi-
gartinoides (J. Agardh) Silva et DeCew (as Ahnfeltia
gigartinoides J. Agardh) and Phyllophora brodiaei
(Turner) J. Agardh of the Phyllophoraceae (Whyte et
al 1984, Usov and Shashkov 1985).
The novel carrageenans from Rhabdonia offer op-
portunities for further investigation. For example, the
gelling and melting temperatures of agars have been
shown to be directly related to their methoxyl content
(Guiseley 1987), and this observation may have im-
plications for the solution properties of the rhabdon-
ian carrageenans. Furthermore, if the 3-MeGal resi-
dues constituting a significant proportion of the prep-
arations from R. verticillata were interspersed along
the polysaccharide chain, they would create in the
polysaccharide permanent 'kinks' which cannot be
converted into AnGal residues either by the dekink-
ase enzyme or by alkali modification. However,
whether the different structural units in the carra-
geenans from Rhabdonia form hybrid or discrete
polysaccharides will require fractionation of the
preparations and detailed characterisation of the dif-
ferent fractions. The linkage points of the terminal
sugars to the galactan backbone and the absolute
configuration (D- or L-) of these sugars also remain
to be established.
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